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S’mHAm

An investigntfon wae conducted to develop methods and equip-
ment for the measurement of operating strecses in aircraft-engine
cremkshafts and corm.ecting rods. -%nges of alterm=.tingstroea
were measured under notming and ~cver conditions ~t eever~l
locations on the master connecting rod and at one location on the
crankehsft of a nine-c~lhder radial ai-coolod engine modified
for test purposes. The results ir.dicatethat the measurement of
stresses in c~nnecting rods is feasible. Some resonant bending
vibration occurred in the rod under all engine operating condi-
tions investigated, hut no a~yreciable resonant axial vibrstion
was fcund.

INTEKIDUCTI~T

At the request of the Air Technical Service Command, Army Air
Yorces, a program is being carried out at the lI&CACleveland labo-
ratory to develop methods of measuring strains in critical sections
of rotati~shdt systeme. Severel crankshaft failures have been
caused by excessive strains due to bending vibration of the crti-
shaft at itn natural frequency. Crankshaft stresses are extremely
dlffioult tc determke bv analytical methods because many factcre,
such as ne.turalfrequencies, forcing functionn, damping capacity,
and bearing clearances, are involved and some of these factcrs
cannot be accurately determined, Torsional vibration is commonly
meaeured fcr experimental enalyeis of crankshaft stresses: bending
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rhaft, however, cannot be determined from torsional-
Wire strain gagee @ve therefore been used for

measurement of bending vibration (reference 1).

No literature on the measurement of operating stresses In con-
necting rods of high-speed engines hae come to the attention of the
authors. The importance of investigating vibration conditions in
connecting rods has been recognized huts because suitable instrumen-
tation and methods were laolsing,~erimental strain-measurement
investigationshave not been made heretofore.

The Instrumentation and methods that were used to measure
stresnes in the crankshaft and the master eonnecthg rod of a modi-
fied test engine are described herein and the test results are prs-
sented. Wire strain gages were employed for the measurement of dy-
namic strains in the crankshaft and the naster connecting r~d. Strain
gages mountod and used as described yielded em over-all strain si~
nal of relatively large amplitude, which minimized the effect ~f
distortion causodby slip rings

DESC21FTIOH

Test

and high--in amplifiers.

w AJ??ARWUS

Engine

The strain-measuement Ixrvcstigationwas conduoted on an ah-
craft engine that had be-n convertod to a thre-cylinder test en-
gine. !lhe:wete~rod cylinder (Fe. 1) was operated under power,
l.~hercas~l~nt.ers ~!-and 7 weremotored with e~uet and Intake
valves installed but with valve push rods removed. The power was
absorbed by an el~ctric dynamometer. In all toets, standard labo-
ratory eqaiyrnentwae used to mensure engine speed, power output,
and c71indor tergmratures. The engine was opor~ted wilh ~tmosyheric
inlet pra~suro inasmuch as saperohergin.gfacilities were not
avallablo.

Strain Gages and Circuit Dlagrnm

The strain gagzs used, were attachedby means of %kelite ilO-
6035cement. All geges wero of 120-ohm nominal rosist=co with a
strain-soneitivearea of l/g by 1/2 Inch square for each we. The
strain was measured %y f- strain ~es~ which were mountod on the
strained member close

7
adjacent to each other at the doeired loca-

tions. (See fig. l(ai The strain-sensitivefilaments of all four
strain gages were orientated in the direction in which it was desired



to measue the strain. !Chefihent 8 of two of the gages vsro made
of A?vmco wire and those of the other two gages were made of Kovar
wire. Advance wire end Wvar wire have strain-sensitivityfactors
that e70 u:>positoin sign and ~roximately eq-aalh magnitude. The
four strain gages were intermnnooted to form an eleotrioal resist-
anoa bride of the ~~eatstone type (fig. l(b)) with Advanoe tire
gages in two opposito arms of tho bridge and Kovar wire gages in the
other two o:>~ositearms. !he effect of the resistance ohange of all
-S wae to change the bridge balance by an amount proportional to
the average strain applied to the four strain gages.

me term nstrain pickupn is used herein to refer to the comM.-
nation of four strain gages deecribed in the foregoing paragraph.
The offoctive etrain-sensitivearea of eaoh strain piokug was
5/16 inoh long by 3/8 inch wide.

Crankshaft St=ain-lleasurlngInstallation

Ono strain pictip was looated on the propeller side of the
front cr~ arm in tho position shown in fi~e 2. This strain
pickup measured tho total strain, whioh consisted of the sum of tho
alternating strains duo to bendingand average tension emd compres-
sion loads in the crank arm. The cirouit di

T
am for this strain

piolnq ie shewa in figure 3. Theslip rings fig. 4) were mountod
at the outer end of the propeller shaft on the @suno meter coupling
flange.

Installation

Slx strain

for Measuring Strains in Water Connecting Rod

pickups were located on tho master connectiwz rod
in tho positions-shti in figure 5. All etrain pickups were-orien-
tated with strain-sensitive filaaents located longitudinally with
respect to the oonnocting rod. ~o cirouit diagram for a typical
strain pi- is shown in figure 6. Six slip ringe Hero installed
on the master concocting rod (fig. 7). ma strain pickups were
divided into threo groqs of two with the battery terminsds for
eaoh pair connected in marallel. Six slip rings were therefore
sufficient to operate one gro~ of strain piokups at a time. The
lead wires from the slip rings cmld be transferred from one group
of strain pickups to another ~ shifting short load wires on the
master oonncoting rod.

. . . . . . .. . . ----- . .. . ... . .. . . . . . . . ,— --- -------- . . . . .
. . -. $... . . . .



Slip Rings and Brushes

A description of tho slip rings and the brushes used In this
invosti~tion and their perfornmnce charactoristica is ~von in
referonco 2. The slip-ring and brush contact surfaces were porpcn-
diculu tc the axis cf rotation. The slip rings were made of shim
brass 0.016 inch thick with a Tickers hardness number of 150.
Silver-graphitelmuahes 1/3 l.nchin d.iametcrand 9/16 inch long wero
used throughout those tests. Fcur brushes were used for each slip
ring with a contact pressure of 250 pounds per square inch for the
slip rings mounted on the master concocting rod and for the slip
rings fastencd tc the outer emd of the propeller shaft on tho @na-
mometcr ccupliag hub. Tho slip rings mounted on the connecting rod
wore oporatod In oil and tie slip rings mounted on the dynamometer
co@ing hnb voro opera%ed dry. All slip rings and the hush
holdors mounted cn the crankehdt (fig. 7) were at tachod with
Wcelite BG6035 cement.

Recording Instruments

Tho *mamic strains were reccrilodby a movin~ccil -o of
osclllogr~h with a galvancmeter element having an udamyd natural
froqaon~ of 20@0 qcles per second. The frequency reeponso of the
mnin~coil me of recording-cscillc==aph system was found to bo
constant within +J percent frcm 15 to 500 cycles per second. A
moving-coil olemcnt with an unda@ed natural.frequency of 500 cycles
per scmnd reccrded the timing signsd, which was obtatned from a
pickup coil consisting of a few turns cf uir~ -pp~a aroundcne of
the w=*lug wires.

A cathcde-r~ oscilloscope In conjunction with a rctP.ting-&um
camera was used as a single-chamml recording oscillograph to obtain
a few strain records for coqariscn with the records cbta.ned with
tho mcv*ccil csclllcgrE@. The frequency response of the ca.thode-
w oscillogr~ was fouud tc be coastamt within +J percent from
14 to 2000 cycles per second. Figure G shows comparable records
obtalncd with bcth oscillogrsphs from the same strain pickup under
the samo engine cporating ccnditions.

!BISTPEOGEDUEM

Strain records were obttined from each cf the strain pickqps
for engine eyoeti of 1250, 1500, 1750, aud.2000 rpm for bcth meter-
ing =a powerconditions. All power runs were made at fall throttle

.

.
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without host . Power was dt3t0mn0aon en indicated basis by adding
the powor required to motor the engine to the brake horsepower.

All strain measurements were made with a strain-gage ourrent
of 30 millieupres and with the same amplifieegaln setting. Tho
ordlnatcs of all tho osoillograms havo tho same soalo and theroforo
aro M.roatly comablo. me film spood was 10 Inoims por second
for all of WY osoillograms exoept for tho rmord from tho cathode-
w 06cillograph shown in figure g, which was ~ inohos por second.

Tho am@ifiers and the oscillograohs wero calibrated ~ record-
ing the strain si~sl from a strain pickup mountod at a point of
tiown alternating strain on a vibrating cantilever beam. Tho samo
strain-gago current and anpllfior-gain setting wero used during tho
calibration as wero used during the onginc strain-moasuring tests.
The accurao~ of oallbrations doponde upon the equality of the strain
sensitivi~ of tho various strain piolvx:>s.The 8train sensitivi~
of a large number of strain gages of tho type usoilin this invosti-
~tion was moaeurod, and the variation was dotcrmined to be not
groe.torthan &l porcont.

EMULTS AED DISCUSSION

Strosaes in Ormhhaft
J

The strain in tho crank - at tho looation shown in figuro 2
was moasurod by strain pickup 1. Mis pie* was locatodat a
convenient position on tho crankehaft to provide a strain signal
that would dcmonstrato tho suitability of the instrumentationfor
measuring @namic strains in tho crankshaft. fioattempt was mado
to locate tho strain pic!cupat tho point of maximum stress, inasmuoh
as dovolopmont of instrumentation toohniquos was tho prime objoctivo
in this preliminary phase of tho work. The oscillogrsrnsfrom strain
pickup 1 aro shown In figozo 9. !&I highest stress range measured.
at this location for power operation was 12,700 pounds per squaro
inoh a% speeds of 1500 ma 1750rpm. Tho ~ stress rango when
the engino waa motored was 5150 pod per squaro inoh at a speed
of 1750 rpm. %0s0 stresses wore cO~tOdfrOm tho oscillograme
of figure 9 with tho assumptions that the strain piokup was orion-
tatod in the direction of tho major principal axis of strain ma
that tho stress was uniaxial.

---- . - - -: ..- ---- ----- ---—. . . .. . . —-. — .— --- ----- .. . ..-,:
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Strf3ssesIn Master Connecting Rod

Eosonant tibr~.tionswere found in all tho oscillogre& (fig. 10)
obtained from strain pickag 5, which was locatod on the flange of tho
I-beam section of the master concocting rod ono-third of tho tistance
from the mntar line of the maet-rod piston-pti Imaring to the
center lino of tho master-rod crankehaft bearing. The resonant
vibrations wero not suetainod but variedfrom a maximum to a mini-
mum amplitude eovoral times througjmut the englno cyclo. Somo of
the oscillograms of figure 10 are reproduced to a larger scalo in
figure 11 to show the wave form more clearly.

Strr.inpickug 2 was locatod on tho center Mno of the wob of
tho master connecting rod at the same cross section as pic~ 5.
This picki was so close to tho neutral axis of tho I-beam section
that it could not hexe been greatly affoctod by bending, end the
osc%llograms aro thorofore falrly rupresentativo of tho avormge
longitudinal strain in the concocting rod at this cross section.
Little resonant vibration was obtained from this pickup. (s00 fig.
12.) It is thoroforo concludod that tho resonant vibmtion ob-
tainod in tho rocorde of figuro 10 was largol=~due to bonding and
that littlo axial vibration of tho master concocting rod occurrod.

Tho rango of s3tornati& strees wss dotorminad for & strain
pickop and test condition by comparing tho signals from the strain
pickups with tho signal from a strain pickup mounted on a calibrator
ber subjected to a known uniaxial be=ding stress. This yrocoduro ie
basoilon the assumption that the stress in the connecting rod is
uniazial.with tho major principal axis along tho length of tho rod.
Tho roeults aro listed in table I. Tho maximum rango of stress
obtainod in tho master co=octing rod for any of tho locations and
conditions tested wne 32,200pounds por square inch occurring in

pickup 6 at an ongino epocd of 2000 rpm.

Tho moasurod rengo of stress in tho master connecting rod as
dotormincd from tho six stra-h pickups varied ?.irectlywith tho
square of tho engine syod (fig. 13) owing to inertia offocts when
the engine was motorod by means of tho dynamomotor. In tho analysis
of tho oscillograms for inertia strese rango at tho lowor engino
speeds, tho peak oomprossion-stressamplitude at the timo of yak
compression yrossuro Pad the muimum tensile-stressamplitude that
immediately followod wero disro~ded.

Tho data prosontod herein demonstrate that it i~ practioablo to
measuro d-c strains in concocting rods. !ChOor@.ne powor output
could not be oxtendcd to high moan effective pressures bocauso boost
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pressure was not available. Ho difficulty should be involved with
the strain-measuring system if the program is extended to operating
conditions at higher engine speeds and mean effective pressures.

SUMMARYa? EESUL!CS

!l?hort3s~ts of tests of the dynamic strain-meaeuring system
dovelopod for the &lg20-25 toot ongino ‘ad doacribbd horoln showed
that1 .

1. Clear md roproduoible osc%llogram were obtained from
strain phkups locetod on the crtishaft and the master connecting
rOd.

2. Resonant bending vibrations of the nu-.storconnecting rod
in a Flano pmpendlcular to tho cram\cin wero found to occur in ap-
procla%le magnitudo for all conditions of ongino operr.tiontested.

3“ i% emprocia%lo resonmt axinl vibration was found in the
master connecting rod.

4. Tho e~erinmntal values of the Inortin stress range meas-
ured with ~iclm>s on tho master connecting rod varied directly ae
the squwe of the engino speed.

Aircraft En=@no R~senrch Laboratory,
i~r.tionalAdvisory Committee for Aeronautics,

Clevolmd, ‘6hio,Augqst 13, 1945.
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qu I - !4MTET.COKJNECYING-RQDSTR3SSES FOR ALL S!ERAIH-PIOKUP

LOCATIONS MO ?ETGINE@ERATNG CONDITIONS IZTVESTI(3AZ5DI

Strp.in
pickup

—.—.

1

Engine’ Indicntod
speed mean
(rpm)

--1-

effeetivo
Frcsaure
(lb/sq in.)

1250 $17.~
15C0 97.6
1750 100.7
2000 94.5

2

3

——
4

1250; 10(?.2
1500

I
100.7

1750 103.0
2000 I 1~1 .2

-. -—.

1250‘

-1

g6.g
1500 :3.6
1750 99.9
2000 91.9.— —
‘i~50 lc~ ● 5

u’1500 lC1.1
1750 102.5
200C ! :0.5.——

5

6

1250‘

I
106.~

1500 log.1
1750 107.0
2000I g~mg
1250: 103.G
150GI Z07.
1750 107.?
2000 ~6.~

Ban@ of
alternating

atraas
(lb/sq in.)

10,900
12,700
13,600
11,500—
23,300
~~,goo
24,tic
25,goo -—
24,000
21,400
23,?00
20,5U0
21,100
20,900

20,700
19,700
29,300
30,000
2g,2CIP
27,900

—2g ,900
31,100
31,50C
32,200

I

i~p.ti01131AdViflOryCommitteo
for AoronnuticFI
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Kovar A-dvance
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(a) Relative location of four strain’ gages.

I

L
,

Kovar

dvance

rO galvanometers

(b) Basic wiring diagram.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 1. - Strain pickup.
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Figure 2. - Location of strain pickup on propeller side of
the front crank arm.
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Ra Advance-wire
strain gage,
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I

Rk Kovar-w ire strain-
gage, 120Q resist-
ance
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operated
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Rk attached to crank-
shaft
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●

—
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Figure 3. -
strain in

Circuit diagram
crankshaft.

used to measure alternating
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Figure 4
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Figure 5. - Location of strain pickups on ant ipropeller side
of master connecting rod. All pickups have strain-sensitive
filaments orientated longitudinally with respect t’o the rod.

11 1-1
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connecting rod (op-
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—Slip rings on crank-
shaft (operated dry)

[
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oscil lograph
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.
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Figure 6. - Circuit used” to measure alternating strain in
master connecting rod.
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Figure 7. - View of master connecting ro’d and crankshaft
assembly showing strain -measu rin gin stall at ion.
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Record from cathode-ray osci I Iograph

t

Record from moving-coil oscil lograph

Figure 8. - Comparison of records obtained by the moving-coil-type oscil lograph and the
cathode-ray type of oscil Iograph

NACA
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7.24.45



NACA MR No. E5H18

imep, 103.2 lb/sq in.
1250 rpm

,’.

.

,“

.’

imep, 105.1 lb/sq in.
1500 rpm

1750 rpm

. .:.:.,.’ _____

2000 rpm
Motoring

Figure 9. - Osci Ilog rams from strain pickup I on crankshaft
for all engine conditions tested. (Reduced to one-half
original size. ) [g nit ion tit?ling, 20.0 B.T.cO
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1250 rpm

.. ,.-

1500 rpm

..”..,.. .....

1750 rpm

.,, ,,. .:.
,., ‘...:. ~

~ ;“,.. ,.,,,’, -.’., ., ‘.;’., “

2000 rpm

Motoring

Figure 10. - Oscil log rams from strain pickup 5 on master con-
necting rod for all engine conditions tested”. (Reduced to
one-half original size.) Ignition timing, 20° B.T.CO.
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c. 11844
7-24-45



1750 rpm
Motoring

Powe r
NACA

C. 11845
7.24.45

Figure Il. - Oscil log rams from strain pickup 5 on master connecting rod for engine speeds
of 1500 and 1750 rpm. (Original size. ) Ignition timing, 200 B,TOCO
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imep, 100.2 lb/sq in.
I 250 rpm

imep, 100.7 lb/sq in.
1500 rpm

.: . .,.,. ,$~’,’,:,
imep, 103 lb/sq in.

1750 rpm

2000 rpm

Motoring Power

Figure 12. - Oscil log rams from strain pickup 2 on master con-
necting rod for all engine conditions tested. (Reduced to
one-half original siz e.) A, compression pressure peak; B,
explosion pressure peak; ignition timing,20° BOTOC.
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Jbgtxke speed, rpm
F@ure 13. - Effect of en@ne motoring speed on the range of’
alternatinginertia stress measuredin the maste~ connecti~
x?od. Absoissa soale proportional to-square of e~ine speed.
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&gine speed, rpm
?lgure13. - IWect of enginenmtorhg speed on the range of
alternsti~ inertia stress measuredin the mwter connecting
rod. Absoissa soaleproportionalto square of engine speed.
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